T HE brain is vulnerable to ischemia, and neurological recovery is dependent on both the severity and duration of the ischemia. Many experimental results have shown that ischemia of 5 to 15 minutes results in an irreversible change in brain function. 2'6' ~6~7
Various biochemical aspects of experimental cerebral ischemia have been investigated in a number of animal models; however, no reports have demonstrated clear evidence of irreversible changes at an early phase of ischemia. It is suggested that the influx of Ca ++ into the cytoplasm during ischemia can accelerate proteolysis and lead to the degradation of intracellular proteins, including those constituting the cytoskeleton. 2~ No direct evidence of this degradation has been obtained so far.
Neurofilaments (NF's), the intermediate filaments of nerve cells, are abundant in axonal processes and may be involved in axonal transport and maintenance of cell shape. 3.5,9 Degradation of NF triplet proteins NF200 (molecular weight (MW) 200,000), NF150 (MW 150,000), and NF68 (MW 68,000) has been observed in transected rat sciatic nerve 23 and in experimental spinal cord injury, l The present study utilized sodium dodecyl sulfate (SDS)-gel electrophoresis and immunoblot techniques to demonstrate selective degradation of NF200 and NF150 during l0 to 15 minutes of cerebral ischemia in carefully controlled experimental models. The possible relationship between NF degradation and irreversible neuronal damage is discussed.
Materials and Methods

Antibody and Molecular Weight Protein Standards
A monoclonal antibody to NF200 (IF-06) was used in this study, and MW protein standards for SDS-gel electrophoresis were obtained.*
Ischemic Models
Two different rat models of ischemia were used in this study. A decapitation model was used in order to cause complete permanent ischemia, and a four-vessel occlusion model was employed to allow reperfusion after induction of ischemia. For the decapitation model, male Wistar rats, each weighing 200 to 250 gm, were anesthetized with diethylether. Complete brain ischemia was caused by decapitation. The severed heads were kept at 37"C for the desired ischemic period. In the model with 30 minutes of ischemia and 24 hours * Monoclonal antibody IF-06 purchased from Oncogene Science, Inc., Manhasset, New York; standards purchased from Pharmacia Fine Chemicals, Uppsala, Sweden. of reperfusion induced by four-vessel occlusion, a modified PulsineUi method 4'22 was used. A male Wistar rat weighing between 200 and 250 gm was anesthetized with pentobarbital sodium, and both vertebral arteries were permanently occluded by electrocautery at the C-1 vertebra. The c o m m o n carotid arteries were transiently occluded by applying aneurysm clips for 30 minutes immediately after occlusion of the vertebral arteries, then were reperfused for the following 24 hours. This method differs from the method originally described by Pulsinelli and Brierley, 22 in which the carotid arteries were occluded on the day after vertebral artery occlusion. 4
Preparation o f N F Fraction
Two different methods of preparation were employed for preparing the N F fraction. The method using Triton-X 100 seems to preserve NF's and their degradation products better.
M e t h o d 1. The first method was described by Matus, et al. ~5 In the present report, the isolation buffer containing 1 m M ethylenediaminetetra-acetic acid (EDTA), 1 m M N-ethylmaleimide (NEM), 1 m M phenylmethylsulfonyl fluoride (PMSF), 50 m M 2-N-morpholinoethane sulfonic acid buffer (pH 6.5), and 30 m M KCI is referred to as the "MKI buffer." A whole rat brain was homogenized immediately after dissection in 30 ml of ice-cold 0.85 M sucrose in MKI buffer by eight strokes in a tight-fitting Teflon glass homogenizer. The homogenate was then centrifuged at 15,000 G for 30 minutes. The pellicle of myelinated axons, which floated to the surface, was collected with a spoon and was suspended in 15 ml of MKI buffer by homogenization. This suspension was vigorously stirred with a magnetic stirrer for 90 minutes. An equal volume (15 ml) of 1.7 M sucrose in M K I buffer was added, and the suspension was centrifuged at 20,000 G for 30 minutes. The pellet was finally resuspended, homogenized in 0.4 ml of MKI buffer, and solubilized in SDS sample buffer.
M e t h o d 2.
The second method of preparing the NF fraction was described by Schlaepfer, et al. 23 A whole rat brain was minced and homogenized in an ice-cold buffer (130 m M NaCI; 4 m M KC1; 1 m M MgCI2; 2 m M ethyleneglycol-bis (B-aminoethylether)-N, N'-tetra-acetic acid (EGTA); 5 mM 2-mercaptoethanol; and 5 m M Tris-HCl, pH 7.4) containing 1% Triton X-100 and 1 M sucrose. The homogenate was then centrifuged for 60 minutes at 100,000 G. Triton-insoluble pellets were washed by rehomogenization and recentrifugation in the same buffer and finally solubilized in SDS sample buffer.
S D S -G e l Electrophoresis a n d I m m u n o b l o t Analysis
All samples were electrophoresed on 2.0-mm slab gels of 5% to 15% acrylamide gradients using the Laemmli gel system. ~4 Transfer of proteins from stab gels to nitrocellulose paper was performed according to the methods of Towbin, et aL 26 Nitrocellulose papers N. Ogata, et al.
with transferred proteins (immunoblots) were blocked for 15 minutes in 10% horse serum in 50 mM Tris-HC1 buffer solution (TBS, pH 7.2) and incubated overnight at room temperature with an anti-NF200 monoclonal antibody which was diluted with blocking solution. Immunoblots were washed with TBS and incubated with the second antibody (peroxidase-conjugated goat anti-mouse immunoglobulin G) which was diluted with blocking solution. Immunoblots were washed again with TBS. Peroxidase in the second antibody was localized using 4-chloro-1-naphthol as chromogen according to the method of Hawkes, et aL 8 Figure 1 shows degradation of NF200 and NF150 in rat brain after 6 hours of total ischemia caused by decapitation and in rat brain subjected to transient ischemia induced by 30 minutes of occlusion followed by 24 hours of reperfusion according to the modified Pulsinelli method. NF200 appeared as a discrete single band (band l) in the control rat brain (column 1), but was absent in the 6-hour complete ischemia sample (column 2) and in the 30-minute transient ischemia sample (column 3). Similar loss of NF200 was demonstrated by immunoblot methods using monoclonal antibody to NF200 (columns 4 to 6). NF200 appeared as a prominent band of immunoreactive protein in the control sample (band 3 in column 4), but was completely absent in the 6-hour complete ischemia sample (column 5) and in the 30-minute transient ischemia sample (column 6). NF150 showed a similar change. A discrete band of NF150 (band 2) in the control brain was not apparent in the 6-hour complete ischemia sample or in the 30-minute transient ischemia sample. These results suggest that the degradation of NF200 and NF150 occurred unequivocally during the initial 30 minutes of ischemia in both experimental models and was irreversible when the cerebral circulation recovered. Figure 2 shows that the degradation of NF200 and NF150 occurs as early as 15 minutes after ischemia. NF200 (band 1) and NF150 (band 2) appeared as prominent bands in the control rat brain (column 1), and in rat brain with 5 minutes of ischemia (column 2) and 10 minutes of ischemia (column 3); however, they were not apparent in brain with 15 minutes of ischemia (column 4) or 30 minutes of ischemia (column 5). Degradation of NF200 was also seen from the loss of immunoreactive protein bands that correspond to NF200 (band 3) after 15 minutes of ischemia (columns 6 to I 0). These results suggest that the degradation has a latent period of about 10 minutes and is progressive during 10 to 15 minutes after induction of complete ischemia.
Results
General Change in N F Protein During Ischemia
Time Course of Change in N F Proteins During lschemia
(column 2). After 20 minutes of ischemia, however, NF200 and NF 150 completely disappeared in the total brain homogenate (column 4), and a significant decrease of the staining intensity in the Triton-insoluble pellet was observed (column 5). This loss of NF200 and NF150 was accompanied by the appearance of minor bands ( M W 195,000 to 200,000 (band 5) and M W 145,000 to 150,000 (band 7)) just below NF200 and NFI50. Degradation of NF68 (band 8), tubulin (band 9), and actin (band 10) was not confirmed at this stage of ischemia. The staining intensity of fodrins (bands 1 and 2) did not decrease significantly; however, a minor band of M W 210,000 to 220,000 (band 3) that appeared after 20 minutes of ischemia m a y indicate their partial degradation. The appearance of m i n o r bands accompanying the disappearance of NF in the Triton-insoluble pellet indicates that the degradation of NF is initiated by the action of a protease or proteases.
Discussion
This report clearly demonstrates the degradation of NF proteins in experimental cerebral ischemia, and provides evidence of irreversible neuronal damage occurring in the very early phase (as early as 15 min- utes after induction) of cerebral ischemia. Although the possible degradation of cytoskeletal components in cerebral ischemia has been discussed in several review articles on cerebral ischemia, 24'25 no direct evidence of the degradation has been reported.
Change of N F and Related Proteins During Ischemia
In cerebral ischemia, changes in energy metabolism occur very early (within several minutes). 24'25 Extensive short-term recovery of cerebral energy metabolism has been demonstrated after 15 to 30 minutes of ischemia in rats 2~ and even after 60 minutes of ischemia in cats and monkeys. 12'13 In long-term recovery studies, however, the maximum time for complete ischemia after which recovery is possible was reported to be approximately 15 minutes in monkeys, t9 It is stated that even shorter ischemic periods (5 to 10 minutes) may be followed by definitive cell damage that "matured" over hours or days. 1~
It is now considered that the absolute ischemic time after which recovery can occur does not exceed 15 minutes, even under optimal conditions. 25 Although it is clear that irreversible neuronal changes occur during the initial 10 to 15 minutes of ischemia, histopathological evidence of cell damage has been obtained only at several hours or days after ischemia, and until now no clear evidence of irreversible neuronal change has been demonstrated during the initial few minutes of ischemia.
The present study shows that degradation of NF200 and NF150 occurs during the initial 10 to 15 minutes of cerebral ischemia. Degradation occurred even in the brains with transient ischemia followed by reperfusion. The degradation is selective to NF's; degradation of other major cytoskeletal components, such as NF68, tubulin, and actin, was not observed at the early stage. The loss of NF200 and NF150 was accompanied by the appearance of minor protein bands (Fig. 3) . The loss of the protein band reactive to anti-NF200, however, was not accompanied by the appearance of new immunoreactive bands (Fig. 1, columns 4 to 6) ; the reason may be that the epitope recognition of this monoclonal antibody is too strict to recognize the fragmented NF proteins. Thus, these results suggest that a specific proteolytic process is involved in the degradation and that this degradation is the earliest irreversible process.
Neurofilaments are associated with the intracellular transport system, including axonal transport. 3'5"9'23 '27 If the degree of NF degradation is small and limited, the degraded proteins would be replaced by protein transport systems and cytoskeletal networks would be repaired. If the damage is profound, however, replacement would be impossible because of the impaired protein transport system, with which the NF's themselves are associated. In that case, even if neuronal function recovered temporarily, the affected neurons would inevitably die. Since NF's are specifically present in neurons, unlike tubulin or actin, they are neuron-specific. Therefore, early selective NF degradation indicates that neurons are extremely vulnerable to ischemia, and that NF degradation may be a sign of N. Ogata, et al.
irreversible loss of neuronal function and eventual neuronal cell death. The finding that the interval between ischemic damage and NF degradation coincides with the time required for cerebral ischemia to reach the irreversible stage indicates that NF degradation may play a major role in irreversible neuronal damage during cerebral ischemia.
Degradation of NF's is observed in transected rat sciatic nerve 23 and in spinal cord injury? In both, the responsible protease is reported to be calpain (Ca ++-dependent cysteine proteinase). In this experiment, degradation was found to be progressive during the initial 10 to 15 minutes of ischemia --a time that coincides well with the interval between ischemia and Ca ++ influx into the cytoplasm. 2~ A previous immunohistochemical study from this laboratory 7 demonstrated that calpain I (one of two isozymes of calpain; a form requiring lower Ca ++ levels) is distributed in large amounts in those regions that are reported to be especially vulnerable to ischemic damage, such as in Purkinje cells in the cerebellum and pyramidal cells in the hippocampus and neocortex. 24"25 The activity of calpastatin, the intrinsic inhibitor of calpain, is lower in brain than in other tissues. ~8 These findings combined suggest that the responsible protease in the degradation of NF's in cerebral ischemia may be calpain.
